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In this short paper we investigate any non-trivial effect the novel Gauss-Bonnet gravity may give
rise in the cosmic evolution of the Universe in four spacetime dimensions. We start by consider-
ing a generic Friedmann-Lemaˆıtre-Robertson-Walker (FLRW) metric respecting homogeneity and
isotropicity in arbitrary space-time dimension D. The metric depends on two functions: scale factor
and lapse. Plugging this metric in novel Einstein-Gauss-Bonnet (EGB) gravity action, doing an
integration by parts and then take the limit of D → 4 give us a dynamical action in four spacetime
dimensions for scale-factor and lapse. The peculiar rescaling of Gauss-Bonnet coupling by factor
of D − 4 results in a non-trivial contribution in the action of the theory. In this paper we study
this action. We investigate the dynamics of scale-factor and behavior of lapse in empty Universe
(no matter). Due to complexity of the problem we study the theory to first order in Gauss-Bonnet
coupling and solve system of equation to the first order. We compute the first order correction to
the on-shell action of the empty Universe and find that its sign is opposite of the leading order part.
I. INTRODUCTION
General relativity although is a very good theory of
gravity which works over a large range of energy, but it
seems to be lacking a complete description of gravity. It
is expected to get modified at short distances and/or in
deep infrared. At short distances such modification are
motivated as the quantum theory of GR has problems:
theory is non-renormalizable and lacks the ability to pre-
dict [1–7]. In deep infrared the observations supporting
dark-matter and dark energy [8–11] are key motivations
for modification of gravity at long distances [12].
It is generally seen that any kind of modification intro-
duced to Einstein-Hilbert gravity leads to some undesir-
able problems. For example at high-energies to address
issues of renormalizability, a higher-derivative modifica-
tion although resolves renormalizability [13–15] but in-
troduces a nasty problem of non-unitarity. Some efforts
have been made to tackle it [16–19], and the direction
has seen a recent uprising where the interest has been
rekindled following works in asymptotic safety approach
[20–22] and ‘Agravity’ [23]. Issues of unitarity arises in
such higher-derivative gravity theories as the equation of
motion contains more than two time-derivatives of met-
ric. Lovelock gravity [24–26] are a special class of higher-
derivative gravity whose equation of motion remains sec-
ond order in time, and in fact Einstein gravity can be ex-
tended by a whole tower of higher-curvature terms where
the equation of motion still remains second-order in time.
In four spacetime dimension the Lovelock gravity
also known as Gauss-Bonnet gravity is topological and
doesn’t contribute in the dynamical evolution of metric.
However, they play a central role in the path-integral
quantization of gravity where it is used to classify topolo-
gies. Recently, it has been noticed in [27] that the Gauss-
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Bonnet gravity term in the action can contribute non-
trivially if its coefficient in action has be rescaled by
(D−4), where D is spacetime dimensionality. This moti-
vation for rescaling arises following works [28, 29] where
it was observed that Gauss-Bonnet contribution to equa-
tion of motion is proportional to (D − 4). Such rescal-
ing introduces non-trivial features coming from Gauss-
Bonnet in four spacetime dimensions. This has generated
tremendous interest in novel Gauss-Bonnet gravity.
The novel Gauss-Bonnet gravity [27] action is following
S =
1
16piG
∫
dDx
√−g
[
−2Λ +R+ α
D − 4
(
RµνρσR
µνρσ
−4RµνRµν +R2
)]
, (1)
where G is the Newton’s gravitational constant, Λ is cos-
mological constant term and α is the Gauss-Bonnet cou-
pling. The Gauss-Bonnet coefficient is defined with a
(D − 4) factor in denominator. G has mass dimension
M2−D, Λ has mass dimension M2, while α has mass di-
mension M−2.
By now the action in eq. (1) has been explored in
the context of spherical black holes [30–32], star-like so-
lutions [33], radiating solutions [34], collapsing solutions
[35], even extensions to more higher-curvature Lovelock
gravity theories [35, 36]. There are already a numerous
investigation on the thermodynamic behavior [37, 38] of
these objects. Using the recent observations of blackhole
shadows constraints on its coupling parameter has also
been investigated [39, 40].
It is noticed in [41] that under an integration by parts
the novel Gauss-Bonnet gravity action gets rid of (D−4)
factors, thereby leading to a well-defined D → 4 limit at
the level of action. Their strategy is inspired by Kaluza-
Klein compactification where they decompose the met-
ric in two parts MD =M4
⊗MD−4: four-dimensional
manifold M4 and extra-dimension piece MD−4. They
write their action under this decomposition and smoothly
remove the extra-dimension piece by taking limit. One
2then gets Horndeski type gravity. A similar study was
done in [42] using ADM decomposition. There they no-
ticed that for a well-defined limit and a consistent theory
in four dimensions one either break (a part of) the diffeo-
morphism invariance or have an extra degree of freedom,
in agreement with the Lovelock theorem [42].
Inspired by the above work we decided to investi-
gate the cosmological settings in the novel-Gauss-Bonnet
gravity. We start by considering the most general met-
ric respecting spatial homogeneity and isotropicity in D-
spacetime dimensions. This is a generalisation of FLRW
metric in D-dimensions consisting of two unknown time-
dependent functions: lapse and scale-factor. This is dif-
ferent from the KK decomposition that has been studied
in [41, 42]. Plugging the generalised FLRW metric in ac-
tion of theory and performing an integration by parts re-
sults in action where D → 4 limit can be smoothly taken
without encountering divergences. This leaves us with a
well-defined action for scale factor and lapse, which gets
non-trivial corrections from Gauss-Bonnet gravity part.
In this paper we study this and investigate the dynamics
of scale-factor and lapse in empty matter free Universe.
The paper is organised as follows: in section II we
write the generic FLRWmetric and compute its action, in
section III we study the action for flat Universe and study
the equation of motion perturbatively. We conclude with
a discussion in section IV.
II. FLRW METRIC
We start by considering generalization of FLRW
metric in arbitrary spacetime dimension whose dimen-
sionality is D. We write the metric in polar co-
ordinates={tp, r, θ, · · · }
ds2 = −N2p (tp)dt2p + a2(tp)
[
dr2
1− kr2 + r
2dΩ2D−2
]
, (2)
where Np(tp) is lapse function, a(tp) is scale-factor, k =
(0,±1) is the curvature, and dΩD−2 is the metric corre-
sponding to unit sphere in D−2 spatial dimensions. This
metric is conformally related to flat metric and hence its
Weyl-tensor Cµνρσ = 0. The nonzero entries of Riemann
tensor [43–45] are
R0i0j = −
(
a¨
a
− a˙N˙p
aNp
)
gij ,
Rijkl =
(
k
a2
+
a˙2
N2pa
2
)
(gikgjl − gilgjk) , (3)
where gij is the spatial part of the FLRW metric and
(˙) denotes derivative with respect to tp. The non-zero
components of the Ricci-tensor are
R00 = −(D − 1)
(
a¨
a
− a˙N˙p
aNp
)
,
Rij =
[
(D − 2)(kN2p + a˙2)
N2pa
2
+
a¨Np − a˙N˙p
aN3p
]
gij , (4)
while the Ricci-scalar is given by
R = 2(D−1)
[
a¨Np − a˙N˙p
aN3p
+
(D − 2)(kN2p + a˙2)
2N2pa
2
]
. (5)
The good thing about FLRW metric is that it is Weyl-
flat which implies that Riemann tensor can be expressed
in terms of Ricci-tensor and Ricci scalar as follow
Rµνρσ =
Rµρgνσ −Rµσgνρ +Rνσgµρ −Rνρgµσ
D − 2
−R(gµρgνσ − gµσgνρ)
(D − 1)(D − 2) . (6)
This identity is valid for all conformally flat metrics and
allows one to express
RµνρσR
µνρσ =
4
D − 2RµνR
µν − 2R
2
(D − 1)(D − 2) . (7)
By making use of this identity for conformally flat metrics
in the Gauss-Bonnet action one can obtain a simplified
action of the theory. In such cases we have∫
dDx
√−g (RµνρσRµνρσ − 4RµνRµν +R2)
=
D − 3
D − 2
∫
dDx
√−g
(
−RµνRµν + DR
2
D − 1
)
(8)
On plugging the FRW metric of eq. (2) in the action in
eq. (1) one can get an action for a(tp) and Np(tp). On
doing integration by parts it is noticed that the resulting
terms are independent of factors of (D−4), which cancels
off. This resulting action in D = 4 is given by,
S =
pik−3/2
8G
∫
dtp
[
(3k − Λa)Npa− 3aa
′
Np
+
3α
a
{
(kN2p + a
′2)2
N3p
+
4ka′2
Np
+
4a′4
Np
}]
, (9)
where (′) denotes derivative with respect to tp. Here one
notices that the Gauss-Bonnet term gives a non-trivial
contribution in D = 4 which is possible due to particular
style of defining the Gauss-Bonnet coupling parameter.
With this action one can do further analysis. To make
the theory more appealing one can rescale lapse and scale
factor in following manner
Np(tp)dtp =
N(t)
a(t)
dt , q(t) = a2(t) . (10)
3This transformation changes our original metric in eq.
(2) into following
ds2 = − N
2
q(t)
dt2 + q(t)
[
dr2
1− kr2 + r
2dΩ2D−2
]
, (11)
and our action in eq. (9) changes to following simple
form.
S =
pik−3/2
16G
∫
dt
[
(6k − 2Λq)N − 3q˙
2
2N
+
3α
8N3q
(4kN2 + q˙2)(4kN2 + 5q˙2)
]
, (12)
where (˙) represent derivative with respect to t. It should
be noticed that the action doesn’t contains any derivative
ofN , which happens as we have performed integration by
parts previously. This is an interesting higher-derivative
action which only depends on q, q˙ and N . This action
further acquires simplicity when k = 0.
III. FLAT SPACE k = 0
The action acquires a simplified structure in flat space
(k = 0), this is also motivated physically as our physical
Universe is also observed to be spatially flat to a high
accuracy. The action in this case is given by,
Sk=0 =
V3
16piG
∫
dt
[
−2ΛqN − 3q˙
2
2N
+
15αq˙4
8N3q
]
, (13)
where V3 is the volume corresponding to 3-dimensional
space. As there is no derivative term corresponding to N
appearing in action so variation of action with respect to
N will result in a constraint. On the other hand variation
of action with respect to q(t) will give evolution equation
for q(t). In the gauge N˙ = 0 we have N(t) = Nc, and
the equation of motion for q(t) is given by
− 2NcΛ + 3q¨
Nc
+
45α
8N3c
(
q˙4
q2
− 4q˙
2q¨
q
)
= 0 (14)
This is a higher-derivative equation. The higher-
derivative contribution is novel here which doesn’t arise
if the Gauss-Bonnet coupling wasn’t rescaled by factor of
(D − 4). In principle one has to solve for q(t) from the
above equation for the boundary conditions
q(t = 0) = b0 , q(t = 1) = b1 . (15)
Then plug the q(t)-solution back in to the action in eq.
(13) where now we are in constant-N gauge, integrate
with respect to time and obtain an action for the constant
lapse Nc. One then look for saddle points solution for Nc
which are obtained by varying this action with respect to
Nc. This will be the full saddle point solution of theory.
In practice this is not always possible. In the current
case the evolution equation for q(t) is quite complicated
and involve higher-derivates. We therefore try to solve
the system perturbatively. We start by expanding q(t) in
powers of α.
q(t) = q0(t) + αq1(t) + · · · , (16)
where q0 is zeroth-order solution while q1 is the first order
solution.
A. zeroth-order
At the zeroth order we have
q¨ =
2N2cΛ
3
. (17)
It is a linear second order ODE which can be solved ana-
lytically exactly. The solution which obeys the boundary
condition stated in eq. (15) is given by
q0(t) =
ΛN2c
3
(t2 − t) + b0(1 − t) + b1t . (18)
Plugging it back into action in eq. (13) and integrating
with respect to t one gets zeroth-order part of action for
Nc. This is given by
S0 =
V3
16piG
[
−3(b0 − b1)
2
2Nc
− (b0 + b1)NcΛ + N
3
cΛ
2
18
]
.
(19)
Once we have the action for Nc, one can obtain saddle
points of this by varying it with respect to Nc and looking
for extrema. Then we see that ∂S0/∂Nc = 0 on solving
gives N0.
3(b0 − b1)2
2N20
− (b0 + b1)Λ + N
2
0Λ
2
6
= 0 . (20)
This is quadratic in N20 and will consist of four solution
which are given by
(N0)±,± = ±
√
3
Λ
(√
b1 ±
√
b0
)
. (21)
At the zeroth order we notice that there are four saddle
point solutions. At this level we don’t receive any cor-
rection from the Gauss-Bonnet term and they agree with
the known saddles in the context of Lorentzian quantum
cosmology [46, 47]. Corresponding to each (N0)±± we
have corresponding (q0)±±. Each one of them lead to a
different FLRW metric. Corresponding to each of them
we have an on-Shell action, which is given by
Son−shell0 = ∓
V3
4piG
√
Λ
3
(√
b31 ±
√
b30
)
. (22)
4B. First order
At first order in α the equations becomes more in-
volved. The evolution of q(t) at first order is dictated by
following equation
q¨1 = − 15
8N2c
(
q˙40
q20
− 4q˙
2
0 q¨0
q0
)
, (23)
where q0 is the zeroth order solution to q(t) obtained
above. The boundary conditions for q(t) can be obtained
from eq. (15) and those of q0. This implies that
q1(t = 0) = q1(t = 1) = 0 . (24)
The ODE for q1 satisfying the these boundary conditions
can be solved and its solution is given by
q1(t) =
5N2cΛ
2t(t− 1)
3
− 5U
4N2c
[(
b0 − b1 + N
2
cΛ
3
)
(t− 1)
× tan−1
(
3(b0 − b1) +N2cΛ
U
)
+
(
b0 − b1 − N
2
cΛ
3
)
×t tan−1
(
3(b1 − b0) +N2cΛ
U
)
+
(
b1 − b0
+
N2cΛ(2t− 1)
3
)
tan−1
(
3(b1 − b0) +N2cΛ(1− 2t)
U
)]
,(25)
where
U =
√
6(b0 + b1)2N2cΛ− 9(b0 − b1)2 −N4cΛ2 . (26)
Once we have obtained the first order correction to q(t),
we can plug it back in action in eq. (13) and perform
the t-integration. This results in a first order corrected
action for Nc.
S1 = S0 +
V3α
16piG
[
5(b0 − b1)2Λ
Nc
− 5(b0 + b1)NcΛ
2
3
+
10N3cΛ
3
27
+
15U3
108N3c
{
tan−1
(
3(b0 − b1) +N2cΛ
U
)
+tan−1
(
3(b1 − b0) +N2cΛ
U
)}
+ · · ·
]
. (27)
This first order corrected action can be varied with re-
spect to Nc again to obtain the first order correction to
saddle points. To obtain this we substitute
Nc = N0 + αN1 + · · · . (28)
Then N1 can be obtained from
∂S0
∂Nc
∣∣∣∣
Nc→(N0+αN1)
= 0 . (29)
From this equation we have
N1 = −5N0Λ
2
, (30)
where N0 is given by eq. (20). Once the expression of
N0 given in eq. (20) is plugged back in above, we get the
full first order corrected lapse which is given by
Nc = s1
√
3
Λ
(
1− 5αΛ
2
+ · · ·
)(√
b1 + s2
√
b0
)
,(31)
where s1,2 = {±,±}. The first order corrected on-shell
action is given by
Son−shell1 =
(
1− 5αΛ
6
+ · · ·
)
Son−shell0 , (32)
where Son−shell0 is the zeroth order on-shell action given
in eq. (22).
IV. DISCUSSION AND CONCLUSION
In this short paper we investigate the non-trivial effects
that arise in novel-Gauss-Bonnet gravity, where the co-
efficient in front of the Gauss-Bonnet term in action has
been appropriately rescaled by factor of (D− 4). We in-
vestigate cosmological spacetimes respecting homogene-
ity and isotropicicity. We consider a most general space-
time respecting such symmetry in D-spacetime dimen-
sions. It consists of two functions: scale factor a(tp) and
lapse Np(tp). Plugging this in the gravitational action,
doing integration by parts and taking the limit D → 4,
we are able to obtain a dynamical action for the scale
factor a(tp). We notice that an integration by parts (and
discarding a surface term) allows us to obtain an action
for the resulting theory where the D−4 terms cancels off
completely. This allows us to perform a smooth D → 4
limit without witnessing divergences. Similar observa-
tions were also made in [41, 42] where the authors con-
sidered KK decomposition of metric. This interesting
observation indicates that probably something deep is
happening which requires more careful analysis.
Once the action of theory is obtained one can study
various aspects of it. We notice that a redefinition of scale
factor and lapse lead us to a simplified theory for the new
variables: q(t) and N(t). The resulting action is a func-
tion of N , q and q˙ only. The action doesn’t contain any
derivative term for the lapse, indicating that its dynami-
cal nature comes from the dynamics of q(t) indirectly. On
varying the action with respect to q(t) we obtain equation
of motion. This is a non-linear higher-derivative ODE,
and might be hard to find an analytic closed form solu-
tion of same. We solve the system perturbatively, doing
perturbation in the Gauss-Bonnet coupling. We compute
the first order correction to Einstein-Hilbert solution for
q and N , for the case of empty Universe. Using these
we also compute the first order correction to the on-shell
action. We notice that the sign of the first order correc-
tion to on-shell action is negative. This can have serious
consequences in euclidean path-integral as such correc-
tion where α > 0 will lead to exponential growth. This
perhaps maybe considered shortcoming of this theory.
5Moreover, this is will also indicate that only one sign of
coupling is allowed.
Given that we have an action of theory in four space-
time dimensions it is then natural to investigate the quan-
tum gravity path-integral and the corrections it achieves
in the novel Gauss-Bonnet gravity. Full gravitational
path-integral although quite complicated to deal with,
however many nice features of it can be understood when
degree of freedoms are reduced substantially. We will
present this in our next publication [48].
Acknowledgements
GN will like to thank Nirmalya Kajuri and Avinash
Raju for useful discussion. GN is supported by
“Zhuoyue” Fellowship (ZYBH2018-03). H. Q. Z. is sup-
ported by the National Natural Science Foundation of
China (Grants No. 11675140, No. 11705005, and No.
11875095).
[1] G. ’t Hooft and M. J. G. Veltman, “One loop divergen-
cies in the theory of gravitation,” Ann. Inst. H. Poincare
Phys. Theor. A 20, 69 (1974).
[2] S. Deser, H. S. Tsao and P. van Nieuwenhuizen, “Non-
renormalizability of Einstein Yang-Mills Interactions at
the One Loop Level,” Phys. Lett. 50B, 491 (1974).
doi:10.1016/0370-2693(74)90268-8
[3] S. Deser and P. van Nieuwenhuizen, “One Loop Di-
vergences of Quantized Einstein-Maxwell Fields,” Phys.
Rev. D 10, 401 (1974). doi:10.1103/PhysRevD.10.401
[4] S. Deser and P. van Nieuwenhuizen, “Nonrenormalizabil-
ity of the Quantized Dirac-Einstein System,” Phys. Rev.
D 10, 411 (1974). doi:10.1103/PhysRevD.10.411
[5] M. H. Goroff and A. Sagnotti, “Quantum Gravity At Two
Loops,” Phys. Lett. 160B, 81 (1985). doi:10.1016/0370-
2693(85)91470-4
[6] M. H. Goroff and A. Sagnotti, “The Ultraviolet Behav-
ior of Einstein Gravity,” Nucl. Phys. B 266, 709 (1986).
doi:10.1016/0550-3213(86)90193-8
[7] A. E. M. van de Ven, “Two loop quantum grav-
ity,” Nucl. Phys. B 378, 309 (1992). doi:10.1016/0550-
3213(92)90011-Y
[8] A. G. Riess et al. [Supernova Search Team], “Observa-
tional evidence from supernovae for an accelerating uni-
verse and a cosmological constant,” Astron. J. 116 (1998)
1009 doi:10.1086/300499 [astro-ph/9805201].
[9] S. Perlmutter et al. [Supernova Cosmology Project Col-
laboration], “Measurements of Omega and Lambda from
42 high redshift supernovae,” Astrophys. J. 517 (1999)
565 doi:10.1086/307221 [astro-ph/9812133].
[10] C. Armendariz-Picon, T. Damour and V. F. Mukhanov,
“k - inflation,” Phys. Lett. B 458 (1999) 209
doi:10.1016/S0370-2693(99)00603-6 [hep-th/9904075].
[11] C. Armendariz-Picon, V. F. Mukhanov and P. J. Stein-
hardt, “A Dynamical solution to the problem of
a small cosmological constant and late time cos-
mic acceleration,” Phys. Rev. Lett. 85 (2000) 4438
doi:10.1103/PhysRevLett.85.4438 [astro-ph/0004134].
[12] M. Maggiore and M. Mancarella, “Nonlocal gravity and
dark energy,” Phys. Rev. D 90, no. 2, 023005 (2014)
doi:10.1103/PhysRevD.90.023005 [arXiv:1402.0448 [hep-
th]].
[13] K. S. Stelle, “Renormalization of Higher Derivative
Quantum Gravity,” Phys. Rev. D 16, 953 (1977).
doi:10.1103/PhysRevD.16.953.
[14] A. Salam and J. A. Strathdee, “Remarks on
High-energy Stability and Renormalizability of
Gravity Theory,” Phys. Rev. D 18, 4480 (1978).
doi:10.1103/PhysRevD.18.4480
[15] J. Julve and M. Tonin, “Quantum Gravity with Higher
Derivative Terms,” Nuovo Cim. B 46, 137 (1978).
doi:10.1007/BF02748637
[16] G. Narain and R. Anishetty, “Short Distance Freedom
of Quantum Gravity,” Phys. Lett. B 711, 128 (2012)
doi:10.1016/j.physletb.2012.03.070 [arXiv:1109.3981
[hep-th]].
[17] G. Narain and R. Anishetty, “Unitary and Renor-
malizable Theory of Higher Derivative Gravity,” J.
Phys. Conf. Ser. 405, 012024 (2012) doi:10.1088/1742-
6596/405/1/012024 [arXiv:1210.0513 [hep-th]].
[18] G. Narain, “Signs and Stability in Higher-Derivative
Gravity,” Int. J. Mod. Phys. A 33 (2018) no.04, 1850031
doi:10.1142/S0217751X18500318 [arXiv:1704.05031 [hep-
th]].
[19] G. Narain, “Exorcising Ghosts in Induced Gravity,” Eur.
Phys. J. C 77 (2017) no.10, 683 doi:10.1140/epjc/s10052-
017-5249-z [arXiv:1612.04930 [hep-th]].
[20] A. Codello and R. Percacci, “Fixed points of higher
derivative gravity,” Phys. Rev. Lett. 97 (2006) 221301
doi:10.1103/PhysRevLett.97.221301 [hep-th/0607128].
[21] M. R. Niedermaier, “Gravitational Fixed Points from
Perturbation Theory,” Phys. Rev. Lett. 103 (2009)
101303. doi:10.1103/PhysRevLett.103.101303
[22] D. Benedetti, P. F. Machado and F. Saueressig, “Asymp-
totic safety in higher-derivative gravity,” Mod. Phys.
Lett. A 24 (2009) 2233 doi:10.1142/S0217732309031521
[arXiv:0901.2984 [hep-th]].
[23] A. Salvio and A. Strumia, “Agravity,” JHEP 1406, 080
(2014) doi:10.1007/JHEP06(2014)080 [arXiv:1403.4226
[hep-ph]].
[24] D. Lovelock, “The Einstein tensor and its gen-
eralizations,” J. Math. Phys. 12 (1971), 498-501
doi:10.1063/1.1665613
[25] D. Lovelock, “The four-dimensionality of space and the
einstein tensor,” J. Math. Phys. 13 (1972), 874-876
doi:10.1063/1.1666069
[26] C. Lanczos, “A Remarkable property of the Riemann-
Christoffel tensor in four dimensions,” Annals Math. 39
(1938), 842-850 doi:10.2307/1968467
[27] D. Glavan and C. Lin, “Einstein-Gauss-Bonnet gravity in
4-dimensional space-time,” Phys. Rev. Lett. 124 (2020)
no.8, 081301 doi:10.1103/PhysRevLett.124.081301
[arXiv:1905.03601 [gr-qc]].
[28] A. Mardones and J. Zanelli, “Lovelock-Cartan theory
of gravity,” Class. Quant. Grav. 8 (1991), 1545-1558
doi:10.1088/0264-9381/8/8/018
[29] T. Torii and H. a. Shinkai, “N+1 formalism in Einstein-
Gauss-Bonnet gravity,” Phys. Rev. D 78 (2008), 084037
doi:10.1103/PhysRevD.78.084037 [arXiv:0810.1790 [gr-
qc]].
6[30] A. Kumar and R. Kumar, “Bardeen black holes
in the novel 4D Einstein-Gauss-Bonnet gravity,”
[arXiv:2003.13104 [gr-qc]].
[31] P. G. Fernandes, “Charged Black Holes in AdS Spaces in
4D Einstein Gauss-Bonnet Gravity,” [arXiv:2003.05491
[gr-qc]].
[32] R. Kumar and S. G. Ghosh, “Rotating black holes
in the novel 4D Einstein-Gauss-Bonnet gravity,”
[arXiv:2003.08927 [gr-qc]].
[33] D. D. Doneva and S. S. Yazadjiev, “Relativistic stars
in 4D Einstein-Gauss-Bonnet gravity,” [arXiv:2003.10284
[gr-qc]].
[34] S. G. Ghosh and S. D. Maharaj, “Radiating black
holes in the novel 4D Einstein-Gauss-Bonnet gravity,”
[arXiv:2003.09841 [gr-qc]].
[35] A. Casalino, A. Colleaux, M. Rinaldi and S. Vicentini,
“Regularized Lovelock gravity,” [arXiv:2003.07068 [gr-
qc]].
[36] R. Konoplya and A. Zhidenko, “Black holes
in the four-dimensional Einstein-Lovelock grav-
ity,” Phys. Rev. D 101 (2020) no.8, 084038
doi:10.1103/PhysRevD.101.084038 [arXiv:2003.07788
[gr-qc]].
[37] R. A. Konoplya and A. F. Zinhailo, “Grey-body factors
and Hawking radiation of black holes in 4D Einstein-
Gauss-Bonnet gravity,” [arXiv:2004.02248 [gr-qc]].
[38] S. W. Wei and Y. X. Liu, “Extended thermodynamics
and microstructures of four-dimensional charged Gauss-
Bonnet black hole in AdS space,” [arXiv:2003.14275 [gr-
qc]].
[39] R. Roy and S. Chakrabarti, “A study on black
hole shadows in asymptotically de Sitter spacetimes,”
[arXiv:2003.14107 [gr-qc]].
[40] X. X. Zeng, H. Q. Zhang and H. Zhang, “Shad-
ows and photon spheres with spherical accretions
in the four-dimensional Gauss-Bonnet black hole,”
[arXiv:2004.12074 [gr-qc]].
[41] H. Lu and Y. Pang, “Horndeski Gravity as D → 4 Limit
of Gauss-Bonnet,” [arXiv:2003.11552 [gr-qc]].
[42] K. Aoki, M. A. Gorji and S. Mukohyama, “A consis-
tent theory of D → 4 Einstein-Gauss-Bonnet gravity,”
[arXiv:2005.03859 [gr-qc]].
[43] N. Deruelle and L. Farina-Busto, “The Lovelock Grav-
itational Field Equations in Cosmology,” Phys. Rev. D
41 (1990), 3696 doi:10.1103/PhysRevD.41.3696
[44] F. Tangherlini, “Schwarzschild field in n dimensions and
the dimensionality of space problem,” Nuovo Cim. 27
(1963), 636-651 doi:10.1007/BF02784569
[45] F. Tangherlini, “Dimensionality of Space and the Pulsat-
ing Universe,” Nuovo Cim. 91 (1986), 209-217
[46] J. Feldbrugge, J. L. Lehners and N. Turok, “Lorentzian
Quantum Cosmology,” Phys. Rev. D 95 (2017)
no.10, 103508 doi:10.1103/PhysRevD.95.103508
[arXiv:1703.02076 [hep-th]].
[47] J. Feldbrugge, J. L. Lehners and N. Turok, “No smooth
beginning for spacetime,” Phys. Rev. Lett. 119 (2017)
no.17, 171301 doi:10.1103/PhysRevLett.119.171301
[arXiv:1705.00192 [hep-th]].
[48] G. Narain, H. Q. Zhang, in preparation.
